ABSTRACT: This study analyzes three tibia length measurement techniques on a sample of 107 tibiae. Two of the techniques meet published criteria by resting the tibia on its posterior surface with the longitudinal axis parallel to an osteometric board. The third technique does not adequately keep the longitudinal axis parallel to the board. Statistical analyses show low levels of interobserver error for all techniques and statistically significant differences between the third technique and the other two techniques. Results report a maximum difference of 6 mm between measurement techniques with the third technique having greater than 95% directional bias. A survey sent out to the American Academy of Forensic Sciences forensic anthropology community reported more than 50% of respondents having been taught the third technique when an osteometric board with a slot/hole is not available. The intermixing of the third technique with the other two has likely contributed to higher levels of interobserver error in tibia length measurements.
KEYWORDS: forensic science, tibia, measurements, interobserver error, standards, forensic anthropology Method and technique are foundational concepts in forensic science. Method describes how to implement a procedure and the accuracy of the procedure is only as good as the technique chosen to implement the method. The length of the tibia has a long history of being a problematic measurement to take. There are several measurement definitions, and subsequently techniques, which may cause confusion. The departure from the published standard criteria can lead to real-world problems in forensic casework. In addition, any deviation from the standard measurement definitions is not ideal for forensic science communities committed to Daubert standards (1), and it may cause unnecessary discrepancies in databases with multiple contributors such as the Forensic Anthropology Data Bank. The most well-known discrepancy with technique is how Trotter measured the length of the tibia (2, 3) , most probably, without the malleolus as discovered by Jantz et al. (4, 5) . Further, the length of the tibia has higher interobserver error compared to other long bone lengths (6) (7) (8) .
Three standard definitions of the tibia length are presented in Table 1 . All three definitions share similar criteria, and both contemporary and historically, emphasis is placed on keeping the tibia parallel to the long axis of the osteometric board while resting on its posterior surface. The criteria can be achieved multiple ways as recommended in the definitions. Buikstra and Ubelaker (9) instruct to place the medial malleolus against the vertical endboard (fixed) of an osteometric board, which follows the definition given by Trotter and Gleser (2). Moore-Jansen et al. (10) have a similar definition and instruct that the measurement is easier to take with a slot/hole on an osteometric board; however, they also describe that the medial malleolus can be placed against the vertical endboard. They cite Bass (11), Martin (12), Montagu (13) , and Trotter and Gleser (2). Langley et al. (8) in the updated data collection procedures describe the tibia length similarly, but they do not specify which end of the tibia should be placed against the vertical and movable endboards, allowing either direction to achieve the definition criteria. This definition cites Martin and Knussmann (referenced here by chapter author, Br€ auer) (14) and Hrdli cka (15) .
Regardless of these definitions that emphasize keeping the tibia parallel to the long axis of an osteometric board, multiple techniques for the positioning of the tibia exist (11) , and these techniques have not been systematically studied. Some definitions emphasize that the measurement is easier to take on an osteometric board with a slot/hole (8, 10) . However, an osteometric board with a slot/hole is not always available, and other techniques need to be applied. In this study, we compare the technique using a slot/hole (technique A) to two techniques that do not rely on a slot/hole (techniques B and C). Technique A (Fig. 1 ) and technique B (Fig. 2) meet the specified standard criteria, which as described above, rely on positioning the tibia parallel to the long axis of the osteometric board. However, technique A uses a slot/hole in an osteometric board to exclude the intercondylar eminence from the measurement, whereas technique B uses a movable block. The third technique C, uses the appropriate landmarks, but is not positioned with the longitudinal axis parallel to the osteometric board, failing to meet the required criteria (Fig. 3) .
This study aims to show that at least two techniques (B and C) are commonly taught in the forensic anthropology community 1 to measure tibial length when no slot/hole is present on an osteometric board. It also analyzes the difference between techniques and presents evidence that these observed differences may contribute to the higher levels of interobserver error noted in previous studies and data collection (8) . In addition, potential effects of the difference on stature point estimates are evaluated.
Materials and Methods
The sample used for the evaluation of measurement technique differences consists of 107 tibiae, including lefts and rights, collected from the anatomical skeletal collection archived at the University of Aachen, Germany, measured by the first and second authors. Each tibia was measured using techniques A, B, and C. A subset of the sample, 31 tibiae, was cross-measured by both the first and second authors to evaluate interobserver error. Technical errors of measurement (TEM) were calculated to show error within measurement techniques among observers following Goto and Mascie-Taylor (16): 
Similarly, interobserver TEM values were calculated using a bootstrapping procedure with 1000 iterations where random combinations of techniques A, B, and C were sampled with replacement among observers to estimate mixed technique error:
Intraobserver error has previously been shown to be sufficiently low (8) 
Each measurement technique was compared with each other using a linear mixed effects analysis of variance where observer, specimen side, and specimen ID number were treated as random effects using the nlme package for R (18) . This allowed testing the null hypothesis that there is no significant difference between measurement techniques using an alpha level of 0.05. The statistical assumptions of normality and equal variance were evaluated using quantile-quantile plots of residuals and plots of residuals versus fitted values, respectively. The mean, standard deviation, and maximum difference between each technique were calculated. Similarly, Cohen's d effect sizes were calculated using the following (19):
All statistical analyses were carried out in the R-project software version 3.4.2 for LINUX (20) . Results for the measurement techniques are presented in millimeters (mm) and point estimates in inches (in) and centimeters (cm).
In addition, a survey was sent out to members of the American Academy of Forensic Sciences to establish whether techniques B, C, or both have been taught in academia when an osteometric board with a slot/hole is not available. The survey also asked optional academic history, highest degree, and approximate year of learning a technique. In total, 47 participants responded to the survey. The data presented here include the proportion of participants having been taught either techniques B, C, both, other alternatives, or none at all, along with the frequency of being taught among academic and organizational institutions. All data including academic and organizational institutions were anonymized for this survey. Temporal trends are not presented due to an inadequate sample size. This survey is exempt from Institutional Review Board (IRB) oversight as it classifies into one of the IRB exemption categories under U.S. Code of Federal Regulations Title 45 Part 46.101 by anonymizing the survey data.
Results
The TEM is less than 1 mm for all measurement techniques indicating high consistency between the first and second authors. However, when technique C was combined with A and/or B using the bootstrapping procedure, the TEM values increased to greater than 1.5 mm, while the combination of A and B remained less than 1 mm ( Table 2 ). The lower levels of TEM values among techniques in isolation support that the statistical results reported are not a byproduct of measurement error and justify pooling the measurements taken by the first two authors. Technique C and the other two techniques have statistically significant differences rejecting the null hypothesis with a Cohen's d effect size greater than two standard deviations, but no statistically significant differences were found between techniques A and B under the null hypothesis with a smaller Cohen's d effect size less than one standard deviation (Table 3 and 4) . Technique C and the other techniques show approximately a 3 mm mean and 6 mm maximum difference (Table 4) . By contrast, the mean difference between techniques A and B is less than 1 mm. The mean point estimates of stature for each of the measurement techniques show that technique C is approximately 0.25 inches (0.63 cm) greater than technique A and B point estimates with a maximum difference of 0.52 in (1.32 cm) and a Cohen's d effect size greater than two standard deviations (Table 5 ). Technique A Technique C measurements were larger than their respective technique A measurements 98% of the time and equal 2% of the time. Similarly, technique C measurements were larger than their respective technique B measurements 96% of the time and equal 3% of the time. Technique B measurements were larger than the technique C measurements only 1% of the time. By contrast, 29% of the time technique A measurements were larger than technique B, 29% of the time technique B measurements were larger than technique A, and 42% of the time the measurements were equal. This indicates a directional difference between technique C and the other techniques, which consistently produces larger measurements, and subsequently larger point estimates.
Forty-seven anthropologists responded to the survey, which may not be a good representative sample of the forensic anthropology community. However, these results establish that techniques B and C are both commonly taught when an osteometric board with a slot/hole is not available, with more than 50% of respondents having been taught technique C and 47% taught technique B (Figs 4 and 5) . Eight U.S. academic institutions were reported learning technique C, six reported learning technique B, and five reported learning both B and C. Similarly, both technique B and technique C have been taught at two U.S. organizational institutions (nonacademic). Non U.S. academic affiliates taught technique B with the exception of one institution teaching both techniques.
Discussion
Methods relying on measurements are only as accurate as the technique used to capture the measurement. While narrowly focusing on the length of the tibia, this study adds to the growing trend of standardization of methods and techniques in forensic anthropology (6,8,21,22) . The aim of this study is to show that at least two techniques are commonly used to measure tibial length when an osteometric board without a slot/hole is used. In addition, the evidence shows that differences exist between these techniques, which could be avoided by stringently following standard definitions.
Only three techniques that the authors are aware of were evaluated in this study, but there can be other techniques to measure the length of the tibia. In this study, the comparison emphasizes the axis orientation of the bone, resting surface and direction of the bone, but other factors may have a role in technique variation. This may include variation in the interpretation of the landmarks where the block is applied to. For example, all the definitions cited here (8-10) measure the length from the superior articular surface of the lateral condyle, whereas Bass (11), which is cited in Moore-Jansen et al. (10) , specifies this landmark as the lateral half of the lateral condyle following Trotter and Gleser (2) . Additionally, the location of the slot/hole may vary depending the brand or type of the osteometric board used. The osteometric board used for this study has a slot allowing the tibia to rest fully on its posterior surface. However, some osteometric boards have an elevated hole that may cause slight variation as the bone is not resting on a surface, but elevated to accommodate the hole.
This study found discrepancies among the accuracy of three techniques used to measure the length of the tibia, providing evidence that datasets compiled using technique C with A and/or B can result in higher levels of interobserver error. The results of this study show that the bootstrapped TEM values with techniques combined are larger (i.e., approximately 2-3 times larger) than each technique in isolation. Given this increase in interobserver error, it is likely that existing datasets with tibia length techniques combined will have higher levels of interobserver error relative to other long bone length measurements. This can be seen in the updated data collection procedures where the relative TEM of 3.01 reported for the tibia length measurement is larger than the other long bones on average by 2.88 (i.e., approximately 23 times larger) suggesting inconsistent techniques were utilized (8). The survey results show that technique C has been taught at academic and nonacademic institutions despite not meeting the specification of keeping the longitudinal axis of the tibia parallel to the osteometric board. Statistical analyses show there is a directional and consistent difference between technique C and the other two techniques with a 6-mm maximum difference, which can result up to a 1.32 cm (0.52 in) difference in stature point estimates. While this difference may seem negligible, and any p-value and effect size must be evaluated considering any particular field and application, this difference is within the applied realm of excluding individuals on the basis of falling outside of stature prediction intervals. Further, rounding can compound the issue and increase the odds of exclusion. Even though this only affects those individuals near the outer bounds of probability (near the prediction interval cut-off), and therefore applies to only a small portion of casework, the decision to use a deviating technique without validation is not scientifically appropriate or in agreement with Daubert standards (1).
Technique B, which requires no special treatment or equipment, is a viable option when a slot/hole is not present on an osteometric board. This technique produces near identical results to technique A without a directional bias in difference. Given that techniques A and B achieve the specifications of the published standards (e.g., measurement taken from lateral condyle to medial malleolus with longitudinal axis of the tibia parallel to the osteometric board), either of these should be used instead of technique C to minimize discrepancies in data collection, research, and casework.
